A study on the dynamic behaviors of water droplets impacting nanostructured surfaces AIP Advances 1, 042139 (2011) Impact behavior of droplets on a surface is an intriguing research topic, and its control should be very useful in diverse industrial applications. We investigated the impact behavior of water droplets on the textured and chemically treated surface of silicon and obtained the impact mode map on the parameter plane subtended by the Weber number (up to 85) and temperature (up to 320 C). The patterns comprise of micropillars (14 lm in height) in square lattice with a lattice constant of 10 and 20 lm, and the surface was further made superhydrophobic by coating with graphene nanosheets. Six distinct impact modes are identified. It was found that the impact mode map can be dramatically altered by modifying the texture and chemistry of the surface, and the observations are well explained with regard to heat transfer, vapor/bubble generation and vapor flow beneath the droplet. Instability in the droplet arising from the mismatch between vapor generation rate and exhaust conditions is the dominant factor in determining the impact mode. Our results revealed more facts and features of the droplet impact phenomenon and can be very useful for target-oriented surface design towards precise control of droplet impact behavior on heated substrates. V C 2016 AIP Publishing LLC. [http://dx
I. INTRODUCTION
Liquid droplet impacting onto a heated surface is a ubiquitous phenomenon which can be found in many industrial processes such as fuel injection for combustion, thermal spray coating, and spray cooling in various cooling systems. When the substrate's temperature is sufficiently high above the boiling point, the droplet can levitate itself over the substrate instead of experiencing a sudden boiling. A rapidly grown vapor layer completely separates the liquid from the heated surface. Due to the poor thermal conductivity of the vapor cushion, the heat flux from the substrate to the liquid dramatically decreases; consequently, the lifetime of the droplet will be much prolonged. This effect is well known as the Leidenfrost effect, [1] [2] [3] [4] and it plays an important role in situations where the behavior of droplets on heated substrate held at a temperature above the Leidenfrost temperature is concerned. The Leidenfrost state is often considered as a perfect superhydrophobic state. 5 As the impacting droplet is not in direct contact with the substrate, it can move without friction on the substrate. For this reason, many studies have tried to control the movement of the Leidenfrost droplets by designing particular micropatterns. [6] [7] [8] [9] Other studies have dealt with the potential usage of the vapor layer to reduce the drag on a hot object moving in a liquid. 10, 11 It was also suggested that the Leidenfrost droplets would be used as a confining geometry to study colloidal packing. 12 On the other hand, in the Leidenfrost state, the vapor layer blocks the heat transfer from the hot solid to the liquid, so the efficiency of the cooling system is drastically reduced, and the substrate can become overheated, such as those experienced in the Fukushima disaster.
The droplet impact behavior, being quite complicated, is anticipated to be very different above and below the Leidenfrost temperature. For a given surface, the droplet impacting behavior is determined by factors such as its thermal conductivity, the vapor/bubble generation rate and distribution, and the lateral flow and stability of the vapor, etc. Many experimental efforts were devoted to finding a way to precisely control the impact behavior, in particular, to alter the Leidenfrost temperature. Towards this end, various strategies have been adopted, including modifying the substrate surface, changing the surface tension of the liquid as well as the manner of droplet deposition, or applying an electric field between the droplet and the heated surface. 12 Some studies claim that surface roughness is an important feature that can lead to an increase in Leidenfrost temperature, [13] [14] [15] [16] while others show a reversed trend. 17, 18 In recent years, micropatterned surfaces have also drawn much attention. 19, 20 Recently, it was demonstrated that surface texturing and chemical treatment can produce droplet-surface interactions that prohibit liquid and freezing droplet retention on surface. 21 Although these studies have shed some light on the various factors that may play a role in determining the droplet impact behavior, the droplet impact mode map, something similar to the p-V phase diagrams in thermodynamics, with regards to the governing parameters such as Weber number of droplet, the actual temperature of the droplet in case for heated substrate, the features of the substrate surface and so forth, is far from complete or well established. Such impact mode maps, which are governed by parameters such as the Weber number of droplets, the latter's actual temperature, the substrate surface features, and so forth, are expected to demonstrate explicitly the effectiveness of the various control factors in altering the impact behavior. Moreover, other impact modes may be found under different combinations of conditions. In the current article, we present our investigations on the impact behavior of droplets on heated silicon wafers, of which the surfaces were etched with a pattern of micrometer-sized pillars arranged in a square lattice, and some were further coated with graphene nanosheets to make them superhydrophobic. Six distinct impact modes were recognized, and the impact mode map on the parameter plane subtended by the Weber number and temperature has been obtained for different surfaces. The observed mode maps can be well explained with regard to the heat transfer, vapor generation (and bubble generation when available), and lateral flow of the vapor. The impact mode map can be dramatically altered by modifying the texture and chemistry of the surface, such that the domains for distinct impact modes to appear may be reshuffled and significantly deformed. The instability of the droplet caused by the incompatible vapor generation rate and exhaust condition is found to be the dominant factor in determining the impact mode.
II. EXPERIMENTAL
All the experiments were performed with de-ionized water (Millipore water) with a density of q l ¼ 998 kg/m 3 , surface tension of c ¼ 72 mN/m, and kinematic viscosity of ¼ 1.004 Â 10 À6 m 2 /s at room temperature. The individual water droplets were prepared by a custom-designed syringe with a fine needle. The initial diameter of the droplet when detaching from the needle was kept at D 0 $ 1.9 mm, which is considerably smaller than the capillary length for water, ffiffiffiffiffiffiffiffiffiffiffi c=q l g p $ 2.71 mm (at room temperature), thus their shape can be regarded as spherical due to the dominating surface tension. The Weber number, defined as We ¼ q l V 2 D 0 =c, is a dimensionless quantity that characterizes the ratio of kinetic energy to the surface energy and consequently specifies the relative importance of these two types of energy; it is a pertinent parameter governing the impact process of droplets. 22 In the current work, the impact velocity was controlled by adjusting the release height H between 2 and 14 cm. The corresponding Weber number calculated from 2q l gD 0 H=c, derived by substituting 2gH for V 2 in the definition, falls within the range from 12 to 85. Here, the values of the density and surface tension at boiling point, namely, 958 kg/m 3 and 59 mN/m, respectively, are used. For comparison, experiments were performed on silicon wafers with a flat, textured, and/or chemically treated surface (as specified below). The silicon wafers were placed on an aluminum plate which can be heated up to 400 C by four embedded cartridge heaters, and their surface temperature was monitored by a thermocouple. A high speed camera (Giga View, SVSI) was employed to record the boiling and bouncing processes of the impacting droplets from a side view, the frame rate was set at 2000 fps, with an exposure time of 80 ls.
The substrates with a micro-patterned surface were fabricated by reactive ion etching (PlasmaLab System 100, Oxford Instruments) of polished silicon wafers, in which SF 6 and O 2 were used as the etching gases, and a cryogenic temperature of À110 C was maintained during the fabrication process. The patterns comprise of micropillars ($5.0 lm in diameter and 14 lm in height) arranged in a square lattice.
Furthermore, for some of the samples the surface was coated with $50 nm thick graphene sheets via hot filament chemical vapor deposition. 23, 24 Patterned surfaces with two different lattice constants, one is 10 lm and the other is 20 lm, were tested. To facilitate discussion, the plain patterned substrates will be denoted as P10 and P20, while those with graphene coating accordingly as CP10 and CP20. The morphological and structural features of the micro-patterned samples were characterized by using scanning electron microscopy (SEM, FEI XL30) and are displayed in Fig. 1 . The contact angle of the droplet was measured with a goniometer (Kr€ uss DSA100) equipped with a dispensing needle.
III. RESULTS AND DISCUSSION
The impact process of a droplet depends on its velocity and size, which are incorporated into the Weber number, the temperature and also the morphology and chemistry of the substrate surface. In the landscape of Weber number and substrate temperature, six distinctly different impact modes for droplets falling onto a flat surface can be unambiguously recognized, namely, the wetting mode, the contact boiling mode, the transition mode, the breaking mode, the rebounding mode, and the rebounding with satellite mode, as illustrated in Fig. 2 . The simple wetting mode occurs when the heating is incapable of causing immediate boiling of water ( Fig. 2(a) ). In this case, the droplet spreads outwards when coming into contact with the substrate; once a maximum spreading has been reached, it will pull back to assume the sessile profile with a constant contact angle. In the contact boiling mode, the droplet in good contact with the surface experiences a high-rate inflow of heat, and vapor bubbles grow from inside, causing disruption of the liquid surface and sometimes ejection of tiny droplets ( Fig. 2(b) ). For this, a sufficiently high heat transfer rate is required, which corresponds to a substrate temperature between 100 and 140 C. When the substrate temperature rises to roughly 140 C, the droplet can be finally elevated by vapor impulse, and this bouncing-off process is also accompanied by the sprinkling of tiny droplets. We denote this behavior as the transition mode ( Fig. 2(c) ). When the impact velocity is also raised, and correspondingly the Weber number, the droplet will be violently perturbed by the impact at the surface that it will break into several (usually less than 10) smaller droplets immediately after bouncing off the substrate, demonstrating a breaking mode (Fig. 2(d) ). At temperatures above the socalled Leidenfrost temperature, when the falling droplet approaches the substrate, a vapor cushion beneath the droplet will be formed through liquid vaporization. This vapor cushion acts as a lubricant layer, which also reduces the energy dissipation during droplet spreading and recoiling. In this case, if the vapor layer is sufficiently stable, the impacting droplet can rebound back as a whole, becoming elongated in the process (Fig. 2(e) ). This is the rebounding mode. However, capillary wave will be provoked, which will propagate along the liquid surface in such an elongated water column that it may cause the droplet to pinch off, generating a secondary droplet at the top (Fig. 2(f) ). This is the so-called rebounding with satellite mode. The features presented in Fig. 2 partly reproduce the result of the work of Tran in 2012. 25 Roughly speaking, Figs. 2(b) and 2(c) correspond to the contact boiling mode, while Figs. 2(e) and 2(f) correspond to the film boiling mode there. The breaking mode in Fig. 2(d) has not been mentioned together with the other impact modes in previous studies.
A. Impact on flat surfaces
The various kinds of droplet impact on a heated surface can be mapped on the parameter plane spanned by the Weber number, We, and temperature, T, resulting in a "mode map" analogous to the p-V phase diagram in thermodynamics. Figure 3 displays the mode map on the We-T plane, which shows regimes of distinct impact behaviors for water droplets falling on a flat silicon substrate. For T 100 C, the contact mode is observed across the given range of Weber number. When the temperature is over 110 C but below 140 C (for larger Weber numbers, this temperature is a little lower), the contact boiling mode dominates; however, for temperatures over 140 C or so, it shifts to the transition mode which appears in a narrow region, and, with increasing temperature, adjoins with rebounding/breaking mode at the smaller/larger Weber number side. The triple points separating the transition, the breaking and the rebounding modes lies roughly at the point of (38, 200 C). The region for the breaking mode is roughly a wedge, pointing towards the low Weber number direction. This domain looks similar to the "fingering boiling" regime described in the recent work of Khavari, derived from the bottom-view of the impacting droplets. 26 There the "fingering boiling" droplets will break up into smaller droplets, they may refer to the same situation as the breaking mode here. The rebounding mode appears at the upper left part with respect to the breaking mode and terminates at the rebounding with satellite mode at the hightemperature end. Although the rebounding with satellite mode was observed, it is however intrinsically unstable, thus its observation in the current work suffers from an unsatisfactory reproducibility. The Leidenfrost temperature in this case is $170 C. The mode map for droplet impacting on the flat surface in Fig. 3 is quite easy to understand. When a falling droplet comes into contact with the substrate, it begins to spread out laterally over the surface forming a liquid sheet. The area of its base expands by some factor, which increases with the Weber number since this is the process in which the kinetic energy transfers into surface energy. For small Weber number and low temperature, simple wetting mode occurs since the recoiling droplet can assume a stable cap shape with a constant contact angle to the substrate surface. However, on a heated surface, the heat transfer rate will be enhanced, and some vapor is generated underneath the droplet. In the case that the vapor layer between the extended droplet and the hot surface is unstable and the liquid sheet is in contact with the surface at sporadic places, bubbles (visible with high speed videos) can grow rapidly and burst out from the free surface, resulting in the breaking-up of the liquid sheet-this is the breaking mode (cf. Fig. 2(d) ). If the substrate temperature is high enough that a thicker vapor cushion forms between the liquid and the surface immediately upon impact, this vapor layer is stable and the liquid is isolated from the heating surface. The droplet can enjoy the chance to retract due to capillary action, even causing the rebound of droplet. In this case, the droplet behaves as if it hit on a superhydrophobic surface, where similar rebounding mode was observed, and termed as the pancake rebound. 27 As the droplet elongates, it can pinch off at the top, and eject a satellite droplet, this is a kind of Plateau-Rayleigh instability. These last two impacting modes refer to the so-called Leidenfrost state, 1 and the onset of the rebound mode defines the Leidenfrost temperature. Generally speaking, the larger the Weber number, the higher a substrate temperature is required to initiate the rebounding mode. 25 The rebounding droplet may experience a violently oscillating shape deformation, in which part of the energy is dissipated.
It seems that the availability and furthermore the stability of the vapor cushion are the key factors in determining the impact behavior of the droplets on a heated surface. The value of the thermal conductivity for water at the boiling point is 0.57 W=m Á K while for water vapor 28 at the boiling point and under the atmospheric pressure it is only 0.016 W=m Á K. If a stable vapor cushion blocks the direct contact between the droplet and the surface, the heat transfer rate will be drastically lowered, thus subsequently the droplet behaves according to its own dynamics. For a water droplet of 1.9 mm in diameter, the typical impact time is about 5 ms, assuming a latent heat of evaporation of $2.26 Â 10 6 J/kg and a temperature gradient of 200 K/10 lm, and in this period about 1.88 Â 10 À6 mg of water turns into vapor. But this mass of water vapor, if it is under ambient pressure, demands a space volume ($2.35 mm 3 ) a hundred times larger than that directly beneath the droplet ($0.028 mm 3 ). The flow of the escaping vapor is assuredly an important factor to cause instability. If the lateral flow is blocked, the large pressure of the vapor will be able to push up the droplet. Based on the work of Biance, 3 the vapor layer supplied by evaporation from the bottom of the droplet flows laterally due to the droplet weight. For a stably levitated droplet, the vapor mass trapped in the vapor layer should be a constant, i.e., the continuous evaporation and lateral flow are mutually balanced. Thus, the thickness of the vapor layer can be expressed as
0 , where l V is the dynamic viscosity of the air and c is an adjustable coefficient. In the current work, the vapor layer thickness is estimated to be about 10 lm. With the 14 lm-high micropillars on the patterned surfaces, by means of which the heat transfer capability and the vapor flow are simultaneously altered, 29 a drastic alteration of the mode map is anticipated.
B. Impact on patterned surfaces
For the four substrates with the patterned surface presented in Figs. 1(a)-1(d) , denoted as P10, P20, CP10, and CP20, the individual pillars are exclusively 5 lm in diameter and 14 lm in height. The pillars form a regular square lattice, and the graphene coating for samples CP10 and CP20 looks quite uniform (Fig. 1) . The contact angles of the water droplet are 70 for P10, 62 for P20, 115 for CP10, and 130 for CP20, showing that both the texture and the hydrophobic coating contribute, respectively, to raise the contact angle (for the flat silicon surface, the contact angle is 42
). When only micropillars are present as in samples P10 and P20, the contact angle is increased, yet the surface is still hydrophilic as the water droplet can penetrate into the interspace between the micropillars, i.e., the droplet contacts with the substrate in the Wenzel mode. By contrast, the graphenecoated surface is hydrophobic, so the water droplet there cannot penetrate into the interspace between the micropillars, i.e., the droplet contacts with the substrate in the CassieBaxter mode. 30 Due to the existence of micropillar-spanned empty space in these substrates, the impact behavior of the droplet is very different. Figure 4 shows the mode maps for droplet impacting on the four micro-patterned substrates referred to Fig. 1 . Notably, Fig. 4 (a) still bears resemblance to Fig. 3 for flat surface at low temperatures not far above 100 C, as the substrate P10 is still hydrophilic and the impacting droplet on the substrate stays in the Wenzel mode. Below 100 C the wetting mode dominates. As the temperature increases above the water boiling point, vapor bubbles form on the hot surface quickly and burst through the droplet, generating sprinkling tiny droplets, i.e., there is now a shift to the contact boiling mode. The typical feature in Fig. 4(a) is that the transition mode (green triangles) only appears in a small region of low Weber number, and at We ¼ 30, this temperature window is between 130 C and 180 C. Remarkably, the region for the breaking mode expands outward significantly with increasing Weber number. It begins at We ¼ 30, T ¼ 180 C, and borders directly with the contact boiling mode at the low temperature side. For the breaking mode at larger We, it persists as long as the temperature is over 130 C. Even when the substrate temperature reaches 300 C, the impact droplet cannot rebound back as a whole. This means the vapor layer formed beneath the impacting droplet on the micropillars with 5-lm interspacing is very unstable, as now the micropillars piercing the droplet enhance the heat transfer from substrate, and the vapor pressure around the contact area is larger than elsewhere. Meanwhile, the smaller interspace between the micropillars is not wide enough for the rapidly growing vapor to escape without delay-the lateral flow is to some extent blocked. The high pressure of vapor, inhomogeneous and unstable, will easily break up the liquid sheet from the spreading droplet. The higher the impact velocity, the thinner the liquid sheet formed, thus the easier it is for the breaking-up mode to occur. Clearly, in this case, the Leidenfrost temperature is significantly raised. This observation is consistent with previous studies. 19 As to the impacting mode on the low We side, say, We ¼ 30, the rebounding mode begins at 180 C (which can be regarded as the Leidenfrost temperature) and transits at 230 C to the rebounding with satellite mode. At We ¼ 18, the rebounding mode, interrupted by rebounding with satellite mode at 230 C and 240 C, extends to over 300 C. But at We ¼ 30, the rebounding mode turns firmly to the rebounding with satellite mode at 230 C. For substrate P20 where the micropillar interspacing is 15 lm, the low temperature part (below 150 C) of the impact mode landscape in Fig. 4(b) is much like those for flat silicon wafer (Fig. 3) and for substrate P10 (Fig. 4(a) ). The transition mode appears in a very narrow temperature window (at around 160 C) and at a Weber number up to 66, and the breaking mode appears only at sufficiently large Weber number (We > 66). Clearly, the large micropillar separation helps disperse the vapor, hence the breaking-up of droplet by vapor burst is suppressed. For We ¼ 18, it has roughly the same Leidenfrost temperature as on P10 that the impacting droplet can rebound back at temperatures from 180 C up to 220 C. It seems that the large separation of micropillars in this structure facilitates the formation of vapor layer demanded to levitate the impacting droplet to rebound back. From 220 C on, the rebounding droplet elongates to pinch off a satellite droplet. The high temperature part (above the Leidenfrost temperature) for Weber numbers between 30 and 66 is almost fully occupied by the rebounding mode, with the lower temperature border only shifted slightly down. The scarcely and random appearance of the rebounding with satellite mode at We ¼ 66 is due to the successful trapping of vapor by the faster droplets. Obviously, the large micropillar spacing is favorable for the rebounding mode.
By comparing Figs. 4(a) and 4(b), we see that the detailed structure of the micropatterns can effectively modify the droplet impacting behavior thereupon. The role of the micropillars here is twofold. When the micropillar height is larger than the possible thickness of the vapor layer, direct contact of the liquid with the hot surface enhances the heat transfer rate, consequently raises the vapor generation rate which is one of the main factors that disrupt the profile of impacting droplet. On the other hand, the lateral flow of vapor beneath the droplet is to some extent suppressed by the micropillars, consequently high vapor pressure ensues so as to levitate or even pierce the droplet. In sample P10, more micropillars are available per unit area than in sample P20, thus more vapor is to be generated and maintained beneath the droplet. This explains why the mode map for sample P10 is dominated by the breaking mode. The Leidenfrost temperature for such a substrate will be much higher, for larger Weber numbers it is more than 300 C as estimated from the current work.
Surface wettability is another important factor in determining the droplet impact behavior. The presence of graphene nanosheets on the micropillars dramatically enhances the hydrophobicity of the patterned surfaces. When a water droplet is deposited on these surfaces, water does not penetrate into the interspacing of the micropillars, but held in the Cassie state. On the water repellent surface of CP10 and CP20, the impacting droplet is prone to rebounding back, which is consistent with the observation that on a superhydrophobic surface of microcavity lattice, the rebounding mode governs the low We (<120) region. 31 In fact, due to the hydrophobic nature of the surface together with easy air trapping, the rebounding droplets are more likely to pinch off at the top.
Unlike P10 and P20, for substrate CP10 the low temperature (Շ100 C) region is governed by the rebounding with satellite mode. Prior to pinching-off, the droplet suffers an elongation by a factor of 1.6-2.9. For medium Weber numbers (We ¼ 30-66) at temperatures around 90 C, it reassumes the wetting mode. Via the contact boiling mode in a narrow window at a slightly elevated temperature above boiling point it enters the breaking mode. Roughly speaking, the map for T > 120 C is fully occupied by the breaking mode, that only for We ¼ 18 does it revert to the rebounding mode at T > 230 C, and to the rebounding with satellite mode at T > 280 C (Fig. 4(c) ). The transition mode is absent in this sample. Noticeably, the presence of graphene nanosheets promotes the local pressure in the superheated contacting area, as bubbles nucleate there more easily and grow rapidly. When the vapor expansion velocity is larger than the critical velocity for the initiation of the Kelvin-Helmholtz instability which is held responsible for splashing under various conditions, 32 the vapor liquid interface will be disrupted to initiate the break-up of the thin extending liquid sheet, even for low Weber numbers so long as the temperature is sufficiently high. The Leidenfrost temperature for substrate CP10 can be very high; in fact in Fig. 4(c) both the rebounding and rebounding with satellite modes at high temperatures only appear regularly for We ¼ 18.
For substrate CP20, the situation is different from the other three cases. The landscape of the impact behavior becomes complicated and pierced (Fig. 4(d) ). At low temperatures (roughly <100 C) it is the rebounding with satellite mode which gradually transforms to the wetting mode especially at smaller Weber number as now the liquid has a smaller surface tension. The contact boiling mode occupies a large area especially at smaller Weber numbers, and it extends to the temperature of 150 C. Notably, the breaking mode appears in two regions separated by the rebounding mode. For the lower region with T 170 C, the Weber numbers are 66 and 85. The upper region for the breaking mode appears at T $ 250 C, and the Weber number can be as small as 48. The rebounding mode is terminated by the rebounding with satellite mode at the high-temperature side, but for We ¼ 18, the rebounding mode and rebounding with satellite mode appear alternatively. In this substrate CP20, although the contact between graphene nanosheets and the liquid can enhance heterogeneous nucleation bubbles, the vapor can be conducted away via lateral flow, so that the vapor layer can be stable enough to levitate the impacting droplet. This is why the breaking mode is less likely to occur. Yet the vapor pressure beneath the droplet is usually very large at high temperatures (T ! 170 C), thus as the impacting droplet retracts, the vapor cushion will give the bouncing droplet a larger impetus, which makes it deform more violently along its length and become more likely to pinch off to eject a satellite droplet. This explains why the high temperature region for CP20 is dominated by the rebounding and rebounding with satellite modes.
The impacting behavior above the Leidenfrost temperature is of particular interest and deserves more attention. In this case, during the early stages of impact, the droplet will spread over the substrate to form a liquid sheet and then retract. In Fig. 5(a as a function of time obtained on CP20 at 300 C. The maximum spreading diameter D m increases linearly as the squared Weber number. Since the Weber number is proportional to the kinetic energy available to deform the droplet, and the maximum diameter of the disk that the latter can assume is limited by the total surface energy. So long as it is above the Leidenfrost temperature, the spreading of the droplet is only slightly altered by the surface condition of the substrates. For We ¼ 18, the spreading factor D max /D 0 is about 1.74 on the patterned surfaces, and about 1.63 on a flat surface (Fig. 5(b) ). As the Weber number increases to 85, the spreading factors all increase to about 3.0, yet still show very small difference. As can be anticipated, the spreading factor is also independent of the surface temperature.
The breaking mode for droplet impacting on the patterned hydrophobic substrates also deserves special attention, there often an upward water jet emerges at the center of the droplet. 25 Figure 6 shows a series of images taken during the impact of a droplet on CP10. Shortly after the droplet comes into contact with the substrate, a jet is formed and ejected from the center of the spreading droplet. A possible explanation for this is that the vapor bubbles generated beneath the droplet apply a huge pressure to the liquid, causing the liquid in the center to shoot out. When the micropillars come into direct contact with the liquid surface at the droplet center, a bubble is formed immediately on the tip of the micropillars, and it grows quickly as the water droplet spreads. In the case that the outflow of the vapor is inhibited by the spreading droplet and the micropillars, the huge pressure inside the bubble is released by the ejection of the upward jet.
IV. CONCLUSIONS
In this work, we have investigated the impact behavior of water droplets on heated micro-patterned surfaces. Six distinct impacting modes are identified and applied to characterize the impacting mode map on the plane subtended by the Weber number and temperature. By introducing micropillars of various separations and modifying the wettability of the surface with graphene coating, impact mode maps of essentially different features can be realized, which confirms the feasibility of impact mode control by surface design. A micropatterned hydrophobic surface with micropillars penetrating the vapor layer implies a raised Leidenfrost temperature, and once a stable vapor layer can be formed beneath the impacting droplet, the impact behavior is independent of either the detailed morphology of the surface, or the temperature. Remarkably, the instability of the droplet caused by the incompatible vapor generation rate and exhaust condition is found to be the dominant factor in determining those breaking modes. Our results reveal more facts and features of the droplet impact phenomenon, they can be very helpful for target-oriented surface design for the precise control of droplet impact on heated substrates confronted in various industrial applications.
